1. Introduction
===============

Porcine reproductive and respiratory syndrome (PRRS) is caused by an enveloped positive-stranded RNA virus, PRRSV, belonging to the family *Arteriviridae* ([@BIB37], [@BIB6], [@BIB24]). Other members of the arterivirus group include lactate dehydrogenase-elevating virus (LDV) of mice, equine arteritis virus (EAV), and simian hemorrhagic fever virus (SHFV; for review see [@BIB26]). The arteriviruses, toroviruses, and coronaviruses are members of a single order, *Nidovirales* ([@BIB9]). Arteriviruses structurally resemble togaviruses, but similar to coronaviruses, replicate via a nested 3′-co-terminal set of subgenomic mRNAs that possesses a common leader and a poly-A tail ([@BIB34]). The arteriviruses exhibit several important properties relevant to the study of viral pathogenesis, including cytopathic replication in macrophages, the capacity to establish and maintain an asymptomatic persistent infection, as well as cause severe and fatal disease ([@BIB26]).

The outcome following experimental PRRSV infection is dependent on the age and reproductive status of the pig, as well as the isolate used for infection (reviewed in [@BIB28]). Infection of adult pigs usually produces a nonfatal disease, characterized by mild flu-like symptoms, a transient elevation in temperature and inappetance. The reproductive form of PRRS occurs following the infection of pregnant gilts or sows. Accordingly, virus-induced reproductive failure can present clinically as increased regular and delayed returns to estrus and not-in-pig sows, as well as abortions, mummified fetuses, stillbirths and weak-born pigs. ([@BIB14], [@BIB10], [@BIB22], [@BIB7], [@BIB31]). Surviving neonates exhibit the severest form of respiratory disease with mortality often reaching 100% within 3 weeks after birth. Besides interstitial pneumonia, viral lesions in infected neonates can be found in primary and secondary lymphoid organs, including bone marrow, thymus, lymph node, spleen and tonsil, and non-lymphoid organs, such as brain, heart, kidney, and stomach ([@BIB29], [@BIB30], [@BIB28], [@BIB16]). The complex pathology following exposure to PRRSV in utero represents a unique form of the disease referred to as congenital PRRS.

Another outcome following PRRSV infection is persistently infected swine herds, a property that has contributed to the world-wide spread of the disease ([@BIB1], [@BIB13], [@BIB15], [@BIB38], [@BIB2], [@BIB8]). It is assumed that persistence is maintained by the ability of PRRSV to evade host defenses and establish a long-term asymptomatic infection within individual pigs. Even though PRRSV-specific antibody appears as early as 5 days post-infection and is followed by serum neutralizing activity and cell-mediated immunity ([@BIB4], [@BIB5], [@BIB32], [@BIB33]) persistently infected pigs can continue to shed virus. The mechanistic basis for PRRSV persistence is not known. Similar to LDV, PRRSV may sustain replication in a subpopulation of renewable macrophages, while avoiding host-defenses ([@BIB27]). Another possibility is the restriction of virus replication to immunoprivileged sites, such as the male reproductive tract ([@BIB11], [@BIB35]), which is observed during infection with other arteriviruses, such as EAV and LDV ([@BIB17], [@BIB3]). In previous work characterizing quasispecies evolution during infection, we proposed that antigenic drift in the ectodomain of GP5 may lead to the selection of clones that are resistant to neutralizing antibody or change the tropism of the virus for a different population of cells ([@BIB32]).

Previous experimental studies designed to understand PRRSV persistence have characterized virus replication during PRRSV infection of postnatal pigs. These studies indicate that virus is present in the blood for approximately 20--30 days after infection; however, in a significant number of animals, virus can be detected in tonsil for up to 150 days and by RT-PCR in semen for 90 days after infection ([@BIB38], [@BIB11], [@BIB2]). More recently [@BIB39] reported that six of 28 pigs, infected at 35 days after birth, were positive for the presence of virus at 225 days. However, the ability of these long-term infected pigs to shed virus was not determined. Very little is known regarding the course of virus replication in pigs exposed to virus in utero. The purpose of this study was to further understand persistent infection in congenitally infected pigs by characterizing the course of clinical disease, sites of virus replication and the capacity to transmit virus in a group of pigs exposed to PRRSV in utero.

2. Materials and methods {#SEC2}
========================

2.1. Virus, cells and animals
-----------------------------

Three pregnant sows at 85--90 days gestation were infected with PRRSV isolate VR-2332 ([@BIB6], [@BIB14]) passage 5, which was plaque-purified and propagated on MARC-145 cells, a subclone of the MA-104 cell line ([@BIB19]). Five milliliters of virus, at a concentration of 10^4^  TCID~50~/ml, was divided into two doses and administered into each nare with a 5 cc syringe. The sows were monitored daily for signs of PRRSV infection and allowed to farrow naturally. Umbilical cord and blood samples were collected from newborn pigs at birth and prior to nursing. Blood was then collected from surviving pigs at weekly intervals for the duration of the study. Neonates were monitored daily for clinical signs. Pigs that succumbed to acute PRRSV infection were necropsied and tissues evaluated for pathology and virus replication. At 19 days all surviving pigs were weaned and placed together in a single isolation room in the animal care facility.

2.2. Measurements of antibody and virus neutralizing activity
-------------------------------------------------------------

PRRSV-specific antibody in serum was measured using the "old format" HerdChek^®^ PRRS ELISA (IDEXX) according to the manufacturer's instructions. This assay was done by personnel at an accredited diagnostic laboratory (Animal Disease Research and Diagnostic Laboratory at South Dakota State University). An S/P ratio greater than 0.39 was considered seropositive. PRRSV neutralizing activity in serum was measured according to [@BIB32]. Serial 1:2 dilutions of serum were prepared in culture medium on 96 well plates. An equal volume of the VR-2332 PRRSV, at a concentration of 2000 TCID~50~/ml, was added to each sample and incubated for 1 h at 37 °C then transferred to a 96-well plate containing confluent MARC-145 cells. After 3 days the plates were fixed in 80% acetone and infected cells detected with FITC-labeled anti-nucleocapsid monoclonal antibody, SDOW-17 ([@BIB25]) diluted in PBS with 5% FBS. Neutralizing activity was reported as the log of the highest serum dilution that prevented the replication of PRRSV in MARC-145 cells (negative for SDOW-17 staining).

2.3. Virus isolation from serum and tissues
-------------------------------------------

Virus isolation was performed by incubating dilutions of serum or tissue homogenate on 96-well plates containing MARC-145 cells. For virus isolation from tissues, approximately 10 g of tissue was homogenized in 5 ml of Hanks balanced salt solution and centrifuged at 500×*g* for 20 min to remove debris. Dilutions (1:10 and 1:40) of cleared homogenate or serum were incubated on 96-well plates of MARC-145 cells for 3 days. Plates were then fixed in 80% acetone and stained with FITC-SDOW-17.

2.4. RT-PCR for the detection of viral RNA
------------------------------------------

Nested RT-PCR amplification of ORF 7, described by [@BIB11], was used for the detection of viral RNA in serum and tissues. Samples were homogenized in an equal volume of lysis buffer (4 M guanidinium thiocyanate, 25 mM sodium citrate \[pH.7\], 0.5% Sarkosyl \[*N*-lauryl sarcosine\] 0.1 M 2-mercaptoethanol). Five hundred microliters of lysate was added to 250 ul of phenol and 250 ul chloroform and mixed. The aqueous phase was removed, the RNA precipitated with ethanol and then reconstituted in 30 ul of distilled water. One microliter of RNA was reverse transcribed using MuLV reverse transcriptase and the outer antisense PCR primer. The outer sense and antisense primers for PCR amplification of a 484 bp product incorporating the entire ORF7 region were 5′-TCGTGTTGGGTGGCAGAAAAGC-3′ and 5′-GCCATTCACCACACATTCTTCC-3′, respectively. The outer primers were incorporated into a reaction mixture containing cDNA, 2 mM MgCl~2~, 1× PCR buffer and *Taq* polymerase. The product was subjected to a second round of amplification using the nested sense and antisense primers, 5′-CCAGATGCTGGGTAAGATCATC-3′ and 5′-CAGTGTAACTTATCCTCCCTGA-3′, respectively. The second round of amplification incorporated 3 mM MgCl~2~, 1× PCR buffer and *Taq* polymerase. Forty cycles of amplification were performed for each primer pair. All PCR reactions incorporated a 94 °C denaturing step (25 s), a 58 °C annealing step (25 s), and a 74 °C polymerization step (25 s). The reaction products were electrophoresed on an agarose gel and the final 236 bp product detected with ethidium bromide.

2.5. In situ hybridization
--------------------------

In situ hybridization for the identification of cells supporting virus replication was done according to [@BIB21] using a modification of the procedure originally described by [@BIB3]. Tissues were fixed in 10% neutral buffered formalin for 4 h at room temperature and embedded in paraffin. Thin sections were mounted on Denhardt's solution-treated slides and paraffin removed with xylene. After pretreatment, the tissue sections were hybridized with a \[35S\] dCTP labeled random-primed probe complementary to a 484 nucleotide region covering all of ORF 7. Slides were hybridized for 72 h at 42 °C, washed, dipped in Kodak NTB-2 autoradiographic emulsion, exposed for approximately 3 days, developed and counterstained with Mayer's hematoxylin and eosin Y. A positive control included tissues from pigs experimentally infected with PRRSV. Negative controls included tissues from uninfected pigs and tissues from experimentally infected pigs hybridized with a probe prepared using cDNA from LDV ORF7 region.

3. Results
==========

3.1. Clinical disease
---------------------

Three pregnant sows were infected with VR-2332 at 90 days gestation. Clinical signs in sows were minimal, consisting of inappetance in two of the three animals, which began at 3--4 days post-inoculation and lasted approximately 2 days. All sows seroconverted and farrowed naturally at 114 days of gestation. Outcomes for the 35 piglets from the three infected sows are summarized in [Table 1](#TBL1){ref-type="table"} . Seven pigs were stillborn and due to the degraded condition of the tissues were not subjected to further study. Analysis of virus and antibody in blood and/or umbilical cords from the 28 live neonates showed that at least 20 or 74% were virus isolation (VI) or RT-PCR positive for PRRSV at the time of farrowing indicating that in utero infection was successful. The eight neonates that were identified as PRRSV-negative at the time of birth became VI-positive by 7 dpf. Neonates as a group exhibited signs consistent with PRRSV infection, with pronounced dyspnea being the most common symptom. About half of the pigs exhibited more severe disease signs, including ocular edema and inappetance. Microhistology showed PRRSV-induced pathological changes in the lungs and other organs of acutely infected symptomatic pigs, including interstitial pneumonia with the infiltration of proteinaceous debris from the interstitial space into the alveoli. Lymph nodes were generally enlarged with germinal center hypertrophy, hyperplasia and necrosis. Lesions in the brain (encephalitis) and heart (myocarditis) and stomach of some pigs were also observed.Table 1Summary of pigs exposed to VR-2332 in uteroNumber of gilts infected at 95 days gestation3Number of pigs farrowed35Number of stillborn pigs7 (20%)Number of pigs born live28 (80%)Number of live pigs born viremic20 (74%)[a](#TBLFN1){ref-type="table-fn"}Mortality 1--21 dpf[b](#TBLFN2){ref-type="table-fn"}15 (54%)Mortality from PRRSV after 21 days0Pigs euthanized between 63 and 132 dpf9Number of pigs maintained after 132 dpf4[^2][^3]

There was a 54% mortality between 1 and 21 dpf. Only one pig in the early mortality group was confirmed to have died from a non-PRRS-related cause. Pigs that survived beyond 21 dpf eventually recovered and showed no external signs of acute infection and there were no PRRSV-related deaths after 21 dpf. For the purpose of comparison, we included a litter from a single mock-infected sow. The 10 piglets, born at the same time as the PRRSV pigs, appeared normal and showed no mortality within 21 dpf.

3.2. The umbilical cord as a site of virus replication
------------------------------------------------------

In the developing fetus, there are two potential sources of virus, which can cause fetal damage. The first source is virus replication within the tissues and organs of the developing fetus. Another source is virus replication in the accessory tissues, such as the umbilical cord and placenta. In this study, we were able to obtain 24 umbilical cords of piglets born to infected sows, including 18 umbilical cords from infected newborns and 6 umbilical cords from non-viremic pigs born to infected sows. Virus isolation showed all umbilical cords from infected neonates to be positive for PRRSV. Neonates that were VI or RT-PCR negative for PRRSV in serum were also negative for PRRSV in umbilical cord tissues. The recovery of virus from umbilical cords presented the possibility that virus was isolated from circulating blood and not from cells supporting virus replication. In situ hybridization, for the detection of cells possessing viral RNA, was performed on a single microscopic cross-section of each umbilical cord. We identified PRRSV RNA-positive cells in 10 of the 15 tissues cross-sections from VI-positive umbilical cords, indicating the presence of infected cells. A representative example of PRRSV RNA-positive cells in an umbilical cord cross-section is shown in [Fig. 3](#FIG3){ref-type="fig"}A. Positive cells were generally found within the smooth muscle regions of umbilical cord tissues. As a negative control, in situ hybridization was performed on umbilical cord sections from six uninfected pigs. All six were negative for the presence of cells containing viral RNA. Even though cells supporting virus replication were easily identified in umbilical cords of infected piglets, histology at both gross and microscopic levels revealed no virus-associated lesions.

3.3. The association between timing of in utero infection and mortality
-----------------------------------------------------------------------

Based on the presence of virus and PRRSV-specific antibody in 24 pre-suckling serum samples, newborn piglets could be placed into one of the three groups. The first group contained four pigs (16%) that were VI-negative and seronegative. We assume that these neonates were not infected in utero, but were infected immediately prior to farrowing or immediately after farrowing as a result of contact with the dam or infected litter mates. The second group contained 13 (54%) pigs that were VI-positive for PRRSV, but seronegative. And finally, the third group was composed of seven (30%) neonates that were both VI-positive and seropositive. Each litter contained a mixture of pigs that could be placed in all three groups, indicating that fetuses were infected at different times in the same sow. Since pigs are immunocompetent at around 70 days of gestation and there is no passive transfer of antibody from the mother to the fetus ([@BIB36]) we can conclude that infected neonates that were born seropositive were infected earlier than those that were VI-positive and seronegative.

Based on the infection of fetuses at different times in utero, we proposed that the earlier a fetus is infected the greater the probability of early mortality after birth. To test this hypothesis, neonates were divided into two groups. The first group was composed of the 13 piglets that died within 21 dpf and showed symptoms of severe PRRS. (One pig succumbed from other than PRRSV infection and was eliminated from the analysis.) The second group included the 10 remaining pigs, which recovered and became asymptomatic. In the long-term survivor group only one serum sample was identified as positive for PRRSV antibody, as indicated by an ELISA S/P ratio greater than 0.39 ([Fig. 1](#FIG1){ref-type="fig"} ). In pigs that died prior to 21 days, 6 of 13 pigs were seropositive for PRRSV. Chi-square statistical analysis of these data showed a statistically significant association between the presence of PRRSV antibody and mortality prior to 21 dpf (*P*=0.036).Fig. 1Correlation of PRRSV-specific antibody at the time of birth with outcome. The data show PRRSV-specific antibody levels and viral status in pre-suckling serum samples obtained from 23 newborn pigs. The non-survivors were those pigs that succumbed within 21 days after farrowing. The survivors were those that recovered from acute PRRSV infection. The horizontal line identifies the 0.39 S/P ratio used as the cut-off for determining if a sample was positive or negative for PRRSV antibody. Samples that were positive or negative for virus are presented by open and closed circles, respectively. The number in parentheses identifies the day after farrowing on which that pig died. Asterisks indicate samples from pigs that were infected with *S. suis*. For Chi-square analysis the Proc Freq statement was utilized in SAS 6.12 to determine the Chi-square statistic. The association between the presence of antibody and mortality was significant at the *P*=0.036 level.

It should be noted that in the non-survivor group, 2 of the 13 pigs were VI-negative and seronegative at birth. These two piglets, and two others in the non-survivor group, exhibited clinical features consistent with *Streptococcus* sp. infection, including swollen joints filled with pus, recruitment of PMNs into inflammatory lesions, and the presence of streptococci in lung and other tissues. *Streptococcus suis* was isolated from tissues of all four pigs.

3.4. Viremia and antibody response
----------------------------------

The presence of virus in the blood was determined by VI, and later when serum samples became VI-negative, by RT-PCR. The analysis of PRRSV-specific immune responses included measurements of total anti-PRRSV activity by ELISA and virus neutralizing activity. These data, collected over a period of 300 days after birth, are graphically summarized in [Fig. 2](#FIG2){ref-type="fig"} . By 7 dpf, all pigs were VI-positive in serum, with the percentage of VI-positive serum samples declining at about 21 dpf. The decline in the number of VI-positive serum samples was associated with the appearances of peak antibody levels and virus neutralizing activity. The disappearance of virus from the blood also correlated with the recovery of pigs from acute disease. The last VI- and RT-PCR-positive serum samples were obtained at 48 and 78 dpf, respectively. Pigs that attained a VI-negative status remained VI-negative throughout the remainder of the study. However, it should be noted that pigs that became PCR negative did not always stay negative. Periodically we found serum samples between 78 and 228 dpf, which were PCR-positive, even though the previous and subsequent samples taken from the same animal were negative by PCR. These intermittent PCR-positive results can best be explained by the presence of a small amount of viral RNA, but at or near the lower detection limits of the PCR assay (data not shown). There were no positive RT-PCR serum samples after 228 dpf.Fig. 2Antibody and viremia during PRRSV infection. PRRSV-specific antibody responses are presented as total ELISA antibody (S/P ratio) and virus neutralizing activity (titer). Data are presented as mean values. The presence of virus in serum was determined by VI on MARC-145 cells or RT-PCR of ORF7 RNA as described in [Section 2](#SEC2){ref-type="sec"}. The results are presented as the percentage of pigs that were positive for virus or viral RNA. The number of samples used to calculate each data point are indicated at the top. Data after 132 dpf was obtained from a group of four pigs retained for long-term study. The Roman numerals show periods of infection during which virus replication and pathology were assessed in tissues.

Mean PRRSV antibody peaked at approximately 28 dpf with ELISA S/P ratios ranging between 2.60 and 4.80 (*n*=13), well above the 0.39 cut-off that identified a serum sample as seropositive. Since pigs were suckling prior to 19 days, we assume that passive antibody from the mother was contributing to the humoral response. After 28 days, antibody gradually declined and by 260 dpf the remaining four pigs had attained a seronegative status (S/P ratio\<0.4) and remained seronegative throughout the remainder of the study. Virus neutralizing activity in serum was first detected in one pig at 7 dpf (neutralizing titer=4). By 56 dpf all pigs showed detectable neutralizing activity. Since these measurements were made several weeks after weaning, we presume that virus neutralizing activity was generated by the immune system of the congenitally infected pigs. At their peak, between days 56 and 260, neutralizing titers ranged between 1:16 and 1:256 ([Fig. 2](#FIG2){ref-type="fig"}). This relatively low amount of neutralizing activity was not unexpected and is typical of the neutralizing response during infection of older pigs ([@BIB40], [@BIB38]). Interestingly, virus neutralizing activity was detected in sera well beyond 260 days, even though all pigs were seronegative for PRRSV by the IDEXX ELISA test (S/P ratios below 0.40). The source of the virus neutralizing activity in serum was not determined. However, the presence of neutralizing activity in "seronegative" sera can be explained based on the different sensitivities of the assays used to measure antibody and neutralizing activity. For example, we cannot rule out the possibility that pigs possessing an ELISA S/P ratio less than 0.4 have some PRRSV antibody, but at amounts below the confidence limits of the assay.

3.5. Sites of virus replication
-------------------------------

The analysis of virus replication in tissues of congenitally infected pigs focused on three periods of infection, identified by Roman numerals II, III and IV in [Fig. 2](#FIG2){ref-type="fig"}. Each period was unique in terms of clinical disease signs, viremia, serology and pathology. The first period, indicated by Roman numeral II in [Fig. 2](#FIG2){ref-type="fig"}, represented the acute, symptomatic stage of infection, which covered the first 21 days after birth. The second period, identified by Roman numeral III focused on a period when pigs were asymptomatic for clinical disease signs and negative in serum for PRRSV by VI and largely negative in serum by RT-PCR, but all pigs were still seropositive. And finally, we assessed virus replication in a group of four infected pigs, which had become seronegative (Roman numeral IV).

During acute infection (Roman numeral II, [Fig. 2](#FIG2){ref-type="fig"}) PRRSV was easily isolated from all lymphoid and non-lymphoid tissues examined (lung, heart, aorta, kidney, liver, testes, salivary gland, intestine, brain, stomach, thymus, spleen, tonsil, and lymph nodes). In situ hybridization identified cells containing viral RNA in the same tissues. [Fig. 3](#FIG3){ref-type="fig"} B--D shows representative examples of RNA-positive cells in lung, salivary gland and kidney. These three tissues represent sources of PRRSV shedding by oral--nasal and urinary secretions. Also shown are representative examples of virus replication in cells of lymph node, tonsil and thymus ([Fig. 3](#FIG3){ref-type="fig"}E--G). In the tonsil, cells supporting virus replication were in close proximity to the tonsilar crypts. These data are consistent with our previous study, identifying multiple sites of virus replication in gnotobiotic piglets at 21 days after experimental infection with VR-2332 ([@BIB21]).Fig. 3Cells supporting PRRSV replication in tissues during acute infection. Representative photomicrographs showing in situ hybridization of PRRSV RNA during the first 21 dpf. (A) umbilical cord, (B) lung with interstitial pneumonia, (C) salivary gland, (D) kidney, (E) lymph node, (F) tonsil and (G) thymus. Arrows in (A) identify representative hybridization signals. Photomicrographs taken at low magnification. Key: Gl, glomerulus; GC, germinal center; Cr, crypt; Md, medulla; Cx, cortex.

Roman numeral III in [Fig. 2](#FIG2){ref-type="fig"} shows the next period of infection covered by our study. During this stage, PRRSV-specific antibody was declining, but all pigs were seropositive and possessed virus neutralizing activity at a serum dilution of at least 1:16. There were no overt clinical signs of acute PRRSV infection and all pigs were VI-negative in serum. Virus isolation and RT-PCR were performed on lymphoid and non-lymphoid tissues from nine of the asymptomatic pigs, sacrificed at random between 63 and 132 dpf. VI and RT-PCR results for lung, mandibular lymph node, mesenteric lymph node, tonsil and serum are presented in [Table 2](#TBL2){ref-type="table"} . In contrast to the acutely infected pigs, all lung and non-lymphoid tissue samples were negative for virus and viral RNA. The absence of detectable amounts of virus in lungs was based on negative results for VI, RT-PCR and in situ hybridization assays of tissue samples from each lung quadrant. Virus isolation, RT-PCR and in situ hybridization also failed to identify virus or viral RNA in kidney, bladder, heart, aorta, liver, intestines, stomach, testes/ovaries, nasal turbinates, and salivary glands (data not shown). Positive VI and RT-PCR results were frequently obtained from homogenates of tonsil (seven of nine pigs) and mandibular lymph nodes (eight of nine pigs; [Table 2](#TBL2){ref-type="table"}). Mesenteric, aortic, cervical, tracheal, medial iliac lymph nodes also yielded virus and/or viral RNA, but at much lower frequencies (see [Table 2](#TBL2){ref-type="table"} for mesenteric lymph node data). Virus or viral RNA was not detected in spleen or thymus (data not shown). Consistent with the VI and RT-PCR results, in situ hybridization identified PRRSV RNA-positive cells in tonsil and mandibular lymph nodes. PRRSV RNA-positive cells in a mandibular lymph node at 63 dpf and tonsil at 132 dpf are shown in [Fig. 4](#FIG4){ref-type="fig"} . Only a few RNA-positive cells could be identified within a given tissue section. Therefore, the locations of RNA-positive positive cells were confirmed by performing hybridization of adjacent tissue sections ([Fig. 4](#FIG4){ref-type="fig"}). All pigs sacrificed during this time possessed detectable amounts of virus neutralizing activity. Together these data show that PRRSV replication during asymptomatic infection is absent from lung and other non-lymphoid tissues and is primarily restricted to tonsil and lymph nodes, even in the presence of humoral immunity.Table 2RT-PCR and virus isolation from sera and tissues of seropositive, VI-negative PRRSV-infected pigsPig no.Grp[a](#TBLFN3){ref-type="table-fn"}dpf[b](#TBLFN4){ref-type="table-fn"}Antibody[c](#TBLFN5){ref-type="table-fn"}RT-PCR (virus isolation)[d](#TBLFN6){ref-type="table-fn"}Serum[e](#TBLFN7){ref-type="table-fn"}LungTNSLMDLNMSLN1861633.87 (16)+ (35)− (−)ND[f](#TBLFN8){ref-type="table-fn"} (+)+ (−)ND (−)1892752.09 (16)− (20)− (−)ND (−)+ (−)ND (+)622754.22 (16)− (28)− (−)+ (+)+ (−)ND (−)1991912.87 (64)− (41)− (−)− (−)+ (−)+ (−)673922.02 (16)− (28)− (−)ND (+)ND (+)− (−)1611044.13 (32)− (34)− (−)+ (−)+ (−)− (−)7221043.83 (256)− (48)− (−)ND (+)+ (−)+ (−)6921322.31 (16)− (34)− (−)+ (+)− (−)− (−)7121321.57 (16)− (34)− (−)+ (−)+ (−)− (−)[^4][^5][^6][^7][^8][^9]Fig. 4Identification of cells supporting PRRSV replication in secondary lymphoid organs during asymptomatic infection. Photomicrographs, taken at low magnification, showing in situ hybridization results in adjacent thin sections of a lymph node (A and B) at 63 dpf and a tonsil (C and D) at 132 dpf. The arrows identify RNA-positive cells that are present in both sections. Inset is a higher magnification showing the hybridization signal.

To investigate the significance of this low level of virus replication in asymptomatic pigs, we studied the ability of congenital PRRS pigs to transmit virus. Age-matched PRRSV seronegative sentinel pigs were introduced into the PRRSV-infected group at 64 dpf (2 sentinels and 12 principals), 84 dpf (2 sentinels and 10 principals), 98 dpf (1 sentinel, 8 principals) and 112 dpf (1 sentinel, 6 principals). Sentinel pigs were allowed to commingle with the infected herd for 1 week and then removed to separate isolation rooms for observation and assessment of infection by VI and serology. All sentinel pigs were VI-positive in serum within 1 week after introduction and seroconverted a week later. These results indicate that under natural conditions of normal pig-to-pig contact PRRSV is efficiently transmitted to naïve pigs even though virus replication is low.

Congenital PRRS pigs that became seronegative (see Roman numeral IV in [Fig. 2](#FIG2){ref-type="fig"}) were the subject of the last part of our study. By 260 dpf, all sera from four remaining infected pigs were VI-negative, RT-PCR negative and ELISA seronegative for PRRSV antibody (S/P ratio less than 0.4). To determine if PRRSV pigs were capable of shedding virus, four age-matched PRRSV seronegative sentinel pigs were introduced at 260 dpf and maintained in continual contact with the PRRSV pigs for at least 56 days. Commingling culminated in the mating of each PRRSV pig to an aged-matched sentinel. Two litters were obtained from the three PRRSV females. The adult female pigs and litters were sacrificed and assessed for PRRSV replication. All three female pigs and associated litters were negative for PRRSV antibody and viral RNA as indicated by negative results for in situ hybridization and by performing RT-PCR in lungs, lymph nodes and tonsils. The single sentinel female pig and litter obtained after mating to the seronegative PRRSV boar were also negative for PRRSV. Since previous work identified long-term virus shedding in semen ([@BIB11]), we also performed RT-PCR and in situ hybridization on testes and male accessory reproductive organs of the remaining male pig. There was no evidence of virus replication in any of the male reproductive tissues.

4. Discussion
=============

The results from this study show that congenital PRRSV infection can be divided into distinct stages, unique in terms of serology, virology and clinical disease. The first stage covers the period of in utero exposure to virus. These data demonstrate that not all fetuses are infected at the same time and some fetuses may escape infection altogether. Furthermore, the positive association between the presence of antibody at birth with early mortality indicates that the earlier a fetus is infected the more severe the clinical disease ([Fig. 1](#FIG1){ref-type="fig"}). Since it takes 1--2 weeks to develop antibody, we assume that seropositive fetuses were infected 1--2 weeks after infection of the sow or approximately 1--2 weeks prior to birth. As a whole, these data show that the placenta is a barrier to PRRSV, but this barrier does break down with time. There are at least two sources of virus-related damage that can account for early mortality in the antibody-positive fetuses. The first is the formation of PRRSV lesions in fetal organs. However, the target organs in the fetus may be different from those in the postnatally infected pig. For instance, porcine alveolar macrophages, which support virus replication to high levels in postnatal pigs are absent from the fetal lung. In preliminary studies, we found relatively large amounts of virus in the thymus from fetuses obtained 1--2 weeks prior to birth (data not shown). [@BIB16] observed thymic lesions in congenital PRRSV pigs sacrificed at 12 dpf. The possible effect of PRRSV infection on fetal/neonatal primary immune organs has obvious implications in the increased susceptibility of congenitally infected pigs to secondary infections. A second source of fetal damage is through the disruption of support tissues, such as placenta and umbilical cord. [@BIB20] reported lesions in umbilical cord, which appeared to be sufficient to cause anoxia in the developing fetus. Even though umbilical cord was identified as a sight of virus replication in this study, we were not able to identify PRRSV-related lesions. The absence of umbilical cord lesions may reflect the different isolate used in this study.

Even though immune abnormalities represent a hallmark of PRRSV infection, congenital infection did not appear to adversely affect the capacity of surviving pigs to develop an antibody response to PRRSV later in life. As a group, the antibody levels in congenital PRRS pigs peaked at about 28 days after birth ([Fig. 2](#FIG2){ref-type="fig"}), which is similar to the time-course appearance of antibody in pigs infected several weeks postnatally ([@BIB40], [@BIB2]). Congenital PRRS pigs were able to mount a prolonged neutralizing antibody response at levels typically found in experimentally infected older pigs ([@BIB40]). These results indicate that fetuses exposed to PRRSV during late gestation do not become immunotolerant to the virus later in life.

A unique aspect of this study was the thorough analysis of virus replication in pig tissues during asymptomatic infection (Roman numeral III, [Fig. 2](#FIG2){ref-type="fig"}). This stage of congenital PRRSV infection was characterized as the period of time when pigs no longer exhibited clinical signs of acute disease, were VI-negative in serum, but still seropositive. In this study it was represented by a group of nine pigs sacrificed between 63 and 132 days after birth. Perhaps, the most interesting finding was the identification of virus in tonsil and mandibular lymph node, but not in lung and other non-lymphoid organs. These results are in agreement with studies identifying tonsil as a source of virus during persistent infection ([@BIB38], [@BIB2], [@BIB18]), but contradict other studies identifying pulmonary macrophages as the source of virus replication in persistently infected pigs ([@BIB23], [@BIB15]). Our conclusion that virus is absent from the lungs in persistently infected pigs is based on a thorough analysis of virus replication, including the use of VI, RT-PCR and in situ hybridization. Continuous virus replication in regional lymph nodes accounts for the efficient transmission via oral--nasal secretions and in semen during persistent infection ([@BIB12]). The basis for an eventual change in organ tropism, from multiple sites of PRRSV replication to preferential replication in tonsil and lymph nodes, is not known. In previous work we identified the emergence of a virus sub-population during persistent infection, which possessed a mutation in the ectodomain of ORF5, the major envelope glycoprotein. This mutation may increase the tropism of PRRSV for replication in a macrophage subpopulation that resides in tonsils and lymph nodes.

We followed virus and antibody in four congenital PRRSV pigs for more than a year. At the time of necropsy these pigs were seronegative for PRRSV (S/P ELISA ratio less than 0.4) and showed no evidence of virus replication, as determined by the absence of viral RNA in serum and in tissues. In this study we were not able to determine exactly when virus disappeared from these pigs. However, the last RT-PCR positive serum sample was obtained at 228 dpf and sentinel pigs did not become infected when introduced at 260 dpf. The failure of sentinel pigs to become infected after an extended period of intimate contact with the congenital PRRSV-infected pigs indicated that PRRSV replication was not reactivated.

The results from this study show that congenital PRRS pigs can shed virus for at least 112 dpf and perhaps for as long at 250 dpf, which support the conclusions of a recent study by [@BIB39]. The isolation of virus from lymph nodes at 132 dpf in this study is longer than the isolation of infectious virus at 84 days from pigs infected at 1 month of age ([@BIB2]), but is similar to length of time reported by [@BIB39]. Because of viral strain differences, it is difficult to assess the impact of congenital infection on virus replication, shedding and persistence by making comparisons with other published studies performed in older pigs. However, in agreement with Allende et al. (2001) PRRSV replication does not establish a steady-state equilibrium in the manner of other persistent arteriviruses, such as LDV or SHFV, but gradually declines over time, with the lymphoid organs as the last vestige of virus replication. The presence of an extended period of ongoing PRRSV replication in pigs with substantial anti-PRRSV humoral and cell-mediated immune responses suggests that the eventual elimination of the virus from congenital PRRS pigs may ultimately reflect the disappearance of PRRSV-permissive cells with age.

5. Conclusion
=============

Based on our analysis of clinical disease, PRRSV-specific antibody and virus replication, congenital PRRSV infection can be divided into four distinct stages. Stage I covers the period of in utero exposure to virus during which time fetuses are infected at different times and some fetuses remain uninfected. The positive association between the presence of PRRSV antibody at birth with early mortality indicates that the earlier a fetus is infected the more severe the clinical disease outcome. Stage II is the period of acute infection. During this time pigs show signs of acute PRRSV. In this study virus was isolated from all tissues, and all tissues contained cells supporting virus replication. Stage III is a period when pigs no longer exhibit clinical disease signs, are VI-negative and largely RT-PCR negative in serum and possess peak levels of virus neutralizing activity. Even though virus replication is relatively low, persistently infected pigs can efficiently transmit virus to naive pigs. Stage IV of congenital PRRSV infection is viral clearance.
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[^1]: Present address: Food Animal Health Research Program, College of Veterinary Medicine, OARDC/The Ohio State University, Wooster, Ohio 44691.

[^2]: Percentage based on the analysis of 24 blood samples recovered from piglets at birth.

[^3]: Days post-farrowing.

[^4]: Group designation based on virus and serology at the time of birth. Grp 1, virus-negative and seronegative; Grp 2, virus-positive and seronegative; Grp 3, virus-positive and seropositive.

[^5]: Days post-farrowing on which the pig was sacrificed.

[^6]: PRRSV antibody status, ELISA response and neutralizing titer (in parenthesis) at the time of sacrifice.

[^7]: RT-PCR of ORF7 and virus isolation (in parenthesis) were performed on serum, lung, tonsil (TNSL), mandibular lymph node (MDLN) and mesenteric lymph node (MSLN).

[^8]: The number in parentheses identifies the last day that a positive VI was obtained.

[^9]: Not determined.
